glomerulonephritis; differentiation; phenotype; FSGS; membranous nephropathy A LARGE BODY OF EVIDENCE SHOWS that the terminally differentiated epithelial cells called podocytes have a vey low proliferative capacity (15, 25, 32, 34) . This is one of the major reasons underlying the decline in overall podocyte number in experimental and human glomerular diseases that are characterized by podocyte detachment and/or apoptosis. Reduced podocyte number leads to proteinuria and glomerular scarring (33) . Similarly, in many disease states, podocytes are unable to maintain their highly specialized phenotype and begin to lose expression of the proteins that define their function (5, 12, 14, 18, 20, 27, 31, 35, 37, 38) . These observations raise several questions: are there conditions under which podocyte replenishment occurs when podocytes are lost, and if so, what is the cellular precursor of these regenerating podocytes? When podocytes lose their specialized phenotype, are they able to regain it?
Parietal epithelial cells (PECs) have received recent attention as they and podocytes share a common lineage until the S-shaped stage of glomerulogenesis. Between the S-shaped body and capillary loop stages, PECs and podocytes begin to express unique genes specific to each cell's function. In podocytes, the transcription factor Wilms' tumor 1 (WT-1) and the actin cytoskeleton linking the protein synaptopodin are expressed exclusively in the podocyte at this stage. In PECs, the transcription factor paired box gene 8 (PAX8) and the tight junction protein claudin 1 are expressed during this stage (21, 22) . Thereafter. these proteins are constitutively expressed in each cell type in mature glomeruli and contribute to functional characteristics of each cell type.
Both the shared common lineage between PECs and podocytes and the close proximity of PECs to podocytes make PECs good potential candidates as podocyte precursors. Moreover, some have suggested the existence of unique cells called parietal podocytes (4, 8) . In contrast to podocytes, PECs readily proliferate in certain forms of glomerular disease. More recently, studies by Appel et al. (2) shed new light on the notion of a local podocyte precursor function for PECs in the developing kidney. In the current studies, we sought to determine whether following injury, PECs express podocyte-specific proteins and/or whether following injury, podocytes express PEC proteins. Four models of experimental glomerular diseases were analyzed.
METHODS
Animal studies. Four types of animal models were examined in this study. First, the transforming growth factor (TGF)-␤1 transgenic mouse has been previously described (30) . The alb/TGF-␤1 mice carry a construct with constitutively activated TGF-␤1 (protein sequence identical between mouse and human) under the control of the murine albumin promoter, resulting in elevated circulating plasma levels of active TGF-␤1 as early as 2 wk of age, podocyte injury at 2 wk of age, and glomerulosclerosis at 3 wk of age. Alb/TGF-␤1 mice and control C57Bl6 X CBA mice were maintained at the animal care facilities at the National Institutes of Health under a protocol approved by the Animal Care and Use Committee, according to Guide for the Care and Use of Laboratory Animals.
The second model utilized was the adriamycin (ADR)-induced experimental model of focal segmental glomerulosclerosis (FSGS) in mice. ADR nephropathy was induced in male Balb/c mice, aged 12 wk, by tail vein injection of ADR (12 mg/kg body wt ϫ 2; n ϭ 8/group), following a protocol that was a modification of methods previously described (6, 7) . For predictable and reproducible induction of sustained proteinuria and progressive glomerulosclerosis, two doses, separated by 4 wk, were utilized in our studies. Control animals were injected with equal volumes of vehicle only (0.9% NaCl). Successful induction of proteinuria was confirmed by measuring the protein concentration of the collected urine as previously described (19) . Mice were killed 8 wk after disease induction.
The third model used was the anti-glomerular basement membrane nephritis model. Sheep anti-rabbit glomeruli antibodyinduced experimental crescentic glomerulonephritis was produced as previously published (24) . Briefly, polyclonal antibody was produced by immunizing sheep with whole rabbit glomeruli. Antiserum was heat inactivated, and IgG was isolated using caprylic acid precipitation of serum proteins. Experimental crescentic glomerulonephritis was induced in Balb/c mice (Charles River Laboratories, Wilmington, MA) by intraperitoneal injection of sheep anti-rabbit GBM IgG (15 mg/20 g body wt). Mice were killed at day 9.
The final model was the rat model of membranous nephropathy, the passive Heymann nephritis (PHN) model. PHN was induced in male Sprague-Dawley rats (Charles River,) weighing 300 -350 g, with a single intraperitoneal injection of sheep anti-rat tubular fraction 1a (Fx1a) antibody (5 ml/kg body wt) as previously described (26) . Rats were housed in the animal care facility of the University of Washington under standardized pathogen-free conditions (25°C, 50% humidity, 12:12-h light-dark cycle) with food and water available ad libitum. The experimental protocols were approved by the University of Washington Animal Care Committee (9) . All animal procedures were conducted in accordance with the Institutional Animal Care and Use Committee.
Immunostaining of kidney sections. For indirect immunoperoxidase staining, renal biopsies from mice and rats were fixed in neutralized formalin and embedded in paraffin. Indirect immunoperoxidase staining was performed on 4-m sections as previously reported (23) with minor modifications.
In brief, paraffin was removed using Histoclear (National Diagnostics, Atlanta, GA), and sections were rehydrated in ethanol. Antigen retrieval was performed by boiling sections in the microwave in 1 mM EDTA, pH 8.0 (for double staining of WT-1 and claudin-1) or 1 mM EDTA, pH 6.0 (for PAX8 and double staining of PAX8 and synaptopodin). Endogenous peroxidase activity was quenched with 3% hydrogen peroxidase, and nonspecific protein binding was blocked with Background Buster (Accurate Chemical & Scientific, Westbury, NY) and endogenous biotin activity was quenched with a Avidin/ biotin blocking kit (Vector Laboratories, Burlingame, CA). After blocking, tissue sections were incubated overnight at 4°C with the primary antibodies listed in Table 1 . The appropriate biotinylated secondary antibodies anti-rabbit IgG, anti-mouse IgG, or anti-guinea pig IgG (Vector Laboratories) were applied followed by an R.T.U. Vectastain kit (Vector Laboratories).
For synaptopodin staining, a Promark mouse on mouse kit (Biocare Medical) was used for additional blocking and substitutive secondary antibody according to the manufacturer's protocol. Staining was visualized by precipitation of diaminobenzidine (Sigma).
For double staining of PAX8 and synaptopodin, synaptopodin was stained first as described above, and then PAX8 Ab was applied and color was developed using Vector SG (Vector).
For double staining of claudin-1 and WT-1, because both of these antibodies were developed in rabbit, additional blocking was performed between the first (claudin-1) and second (WT-1) set of antibodies. After diaminobenzidine color development of claudin-1 staining, the activity of the secondary antibody used for claudin-1 staining was blocked with rabbit nonreactive IgG (Abcam) followed by an anti-rabbit IgG antibody Fab fragment (Jackson ImmunoResearch). In addition, peroxidase activity and biotin activity derived from first set of staining were blocked using 3% hydrogen peroxidase and the Avidin/Biotin blocking system (Vector).
Quantification of positively stained cells was performed with more than 30 glomeruli/animal. To evaluate preliminary changes following injury, crescentic glomeruli were excluded from quantification in the anti-GBM nephritis model.
Statistical analysis. Statistical comparisons were analyzed by Student's t-test. GraphPad Prism version 5 for Windows (GraphPad Software, San Diego, CA; www.graphpad.com) was used for data analysis.
RESULTS

PEC cell number increases in TGF-␤1 transgenic mice.
Reports show that within the glomerulus, PAX8 staining is normally restricted to PECs (36) . Our findings in this study validate these observations. Accordingly, staining was performed for PAX8 in both wild-type and transgenic mice at 3 and 5 wk of age ( Fig. 1, A-D) , and the number of PAX8-positive cell was quantified. Figure 1E shows a significant Table 1 . Summary of changes in cell numbers
PEC, parietal epithelial cells; BBM, Bowman's basement membrane; TGF, transforming growth factor; podo, podocytes; ADR, adriamycin; GBM, glomerular basement membrane; PHN, passive Heymann nephritis. increase in the number of cells with staining for PAX8 along Bowman's capsule in TGF-␤1 mice at 3 wk (P Ͻ 0.01 vs. wild-type) and 5 wk (P Ͻ 0.005 vs. wild-type).
Coexpression of podocyte and PEC proteins in TGF-␤1 transgenic mice. To examine the expression of podocyte and PEC proteins in cells along Bowman's basement membrane (BBM), double immunohistochemical staining was performed with the combination of primary antibodies to one podocyte protein and one PEC protein. Figure 2 shows the staining results using antibodies to synaptopodin and PAX8 representing podocyte and PEC proteins, respectively. No cells in the glomerular tuft or along BBM stained positive for both synaptopodin and PAX8 in wild-type mice (Fig. 2, A and B) . This was not a false negative, because single staining was present when either of the primary antibodies was omitted. Two interesting observations were made in the TGF-␤1 transgenic mice. First, there was a statistically significant increase in the number of double-positive synaptopodin/PAX8-staining cells along the glomerular tuft at 3 wk (P Ͻ 0.005 vs. wild-type) and 5 wk (P Ͻ 0.005 vs. wild-type) of age (Fig. 2L ). These cells were limited to the periphery of the glomerular tuft (Fig. 2,  G-I) . Second, there was a progressive increase in the number of double-positive synaptopodin/PAX8-staining cells lining BBM in TGF-␤1 transgenic mice by 5 wk of age (P Ͻ 0.01 vs. wild-type) (Fig. 2M) . Appropriate controls for the immunostaining showed that these results were not false positives (Fig.  2, K1-6 ).
Double immunostaining was also performed for the podocyte protein WT-1 (Wilms' tumor antigen) and the PEC protein claudin-1 in wild-type and TGF-␤1 transgenic mice, and these results are shown in Fig. 3 . Cells positive for both claudin-1 and WT-1 were not detected in the glomerular tuft, nor along BBM in wild-type mice (Fig. 3, A and B) . In contrast, cells positive for both claudin-1 and WT-1 were detected in glomerular tuft of both 3-wk (P Ͻ 0.005 vs. wild-type)-and 5-wk (P Ͻ 0.001 vs. wild-type)-old TGF-␤1 transgenic mice (Fig. 3L) . Staining for both claudin-1 and WT-1 were also detected in cells along BBM (Fig. 3, C-J) , and this increase was statistically significant in transgenic mice at 3 wk (P Ͻ 0.001 vs. wild-type) and 5 wk (P Ͻ 0.001 vs. wild-type) of age (Fig.  3M ). Taken together, these results show that there was a significant increase in the number of cells expressing both podocyte and PEC proteins within the glomerular tuft and along BBM in TGF-␤1 transgenic mice at 3 and 5 wk of age.
Coexpression of podocyte and PEC proteins in ADR mice. The ADR mouse model of minimal change/FSGS was used to determine whether PECs also stain positive for podocyte proteins in a second model of glomerular injury characterized by podocyte injury. Proteinuric mice were studied 8 wk after disease induction, and the results are shown in Fig. 4 . PAX8 was stained to evaluate the change in the number of PAX8-positive PECs along BBM following injury. In contrast to the TGF-␤1 transgenic mice, there was no significant difference in the number of PAX8-positive cells between ADR mice and control mice (Fig. 4E) .
To determine whether cells expressed both podocyte and PEC proteins, double immunostaining was performed for synaptopodin and PAX8, and for WT-1 and claudin-1, and the results are shown in Fig. 5 . Double staining for synaptopodin/ PAX8 was barely detected in cells lining BBM in control or ADR mice (Fig. 5L) . In contrast, there was a significant increase in cells double stained for synaptopodin/PAX8 in the glomerular tuft of ADR mice (P Ͻ 0.001 vs. control mice) (Fig. 5L) .
Claudin-1 and WT-1 double staining was performed as a second method to examine the coexpression of podocyte and PEC proteins. Occasional double-positive cells were detected in both the glomerular tuft and lining BBM (Fig. 5M) . However, there were no differences between diseased and control animals. Taken together, these results show that although there (21, 22) few cells with double-positive staining for podocyte-PEC proteins along BBM, there was an increase in cells that expressed synaptopodin/PAX8 within the glomerular tuft in the ADR mouse model of minimal change/FSGS disease.
Coexpression of podocyte and PEC proteins in anti-GBM nephritis mice.
The anti-GBM model of glomerulonephritis is characterized by injury to both podocytes and PECs, with marked proliferation of PECs and, less commonly, podocytes, leading to crescent formation. To investigate whether PECs express podocyte proteins in anti-GBM nephritis mice, we examined animals 9 days after disease induction.
Staining for PAX8 was performed to determine changes in the number of PAX8-positive cells (PECs) along BBM during disease. There was a significant increase in PAX8-positive cells at day 9 in anti-GBM nephritis, even in glomeruli without crescents (P Ͻ 0.001 vs. normal) (Fig. 6E) .
Double staining was performed for synaptopdin and PAX8, as well as claudin-1 and WT-1, and the results are shown in Fig. 7 . As expected, cells staining positive for both synaptopodin and PAX8 were not detected in the glomerular tuft nor along BBM in control animals. In contrast, there was a significant increase in the number of cells staining positive for both synaptopodin and PAX8 in the glomerular tuft (P Ͻ 0.001 vs. control) and in cells along BBM (P Ͻ 0.01 vs. control) in mice with anti-GBM disease (Fig. 7P) . Staining for synaptopodin did not significantly decrease in the glomerular tuft in glomeruli without crescents.
As expected, claudin-1 and WT-1 double staining was not detected in control animals. Similarly, there was no increase in cells staining double-positive within the glomerular tuft in mice with anti-GBM disease (Fig. 7Q) . In contrast, there was a significant increase in cells staining double-positive for claudin-1 and WT-1 along the lining of BBM in anti-GBM disease (P Ͻ 0.05 vs. control) (Fig. 7Q) .
Taken together, these results show positive staining of two combinations of podocyte-PEC proteins in cells lining BBM in mice with anti-GBM disease, which was not detected in control animals.
Coexpression of podocyte and PEC proteins in experimental membranous nephropathy. The PHN rat model of membranous nephropathy is characterized by antibody-and complementinduced podocyte injury, leading to reduced podocyte number and alterations in certain podocyte-specific proteins. To best investigate the effect of the reduced podocyte number in this model, the PHN model was studied during a more advanced disease stage where podocyte number is reduced (day 110).
To evaluate any change in the number of PECs along BBM in control and diseased animals, staining for PAX8 was performed. There was a significant increase in the number of cells staining positive for PAX8 along BBM in PHN at day 110 (Fig. 8E) .
To determine whether glomerular cells expressed both podocyte and PEC proteins, double staining was performed for synaptopodin and PAX8, as well as claudin-1 and WT-1, in control and PHN rats. As expected, cells staining positive for both synaptopodin and PAX8 were not detected in either the glomerular tuft or along BBM in control animals. There was a significant increase in the number of cells along BBM doublestaining for synaptopodin and PAX8 (P Ͻ 0.05 vs. control) (Fig. 9P) . In contrast, no increase was detected in the glomerular tuft of PHN rats, although a trend toward an increase was observed.
Double staining for claudin-1 and WT-1 is shown in Fig. 9Q . As expected, claudin-1 and WT-1 double staining was not detected in control animals. Double staining was not detected in the glomerular tuft of PHN rats. In contrast, there was a significant increase in cells lining BBM that stained positive for claudin-1 and WT-1 (P Ͻ 0.05 vs. control). Taken together, these results show a significant increase in cells along BBM staining positive for both PEC and podocyte proteins.
Results from all four models used in this study are summarized in Table 1 . Among these four models, TGF-␤1 transgenic mice and anti-GBM nephritis mice showed the most striking findings, with increases in all three parameters examined. Meanwhile, ADR mice and PHN rats showed an increase in double-positive cells for PECs and podocyte proteins either in the tuft or along BBM, respectively. In addition, there was a correlation between an increase in the number of PECs on the BBM and double-positive cells for PECs and podocyte proteins along BBM.
DISCUSSION
The kidney glomerulus is a complex structure comprising four resident cell types, each identified by the expression of proteins specific to that cell type. These proteins typically serve functions specific to each cell type (13, 23, 36) . Although the biology and function of podocytes, mesangial, and glomerular endothelial cells are quite well defined, little is known about PECs. We began by examining PEC number in normal and disease states. Studies have previously shown an increased PEC number in the anti-GBM model. Using this as a positive control, we also examined PEC number in the ADR model of FSGS, the PHN model of membranous nephropathy, and the TGF-␤ transgenic mouse model of glomerulosclerosis using PAX8 immunostaining. Within the glomerulus, PAX8 is recognized as being a marker of PECs.
A major finding was that the absolute number of PECs increased in TGF-␤1 transgenic mice, the anti-GBM model, and also in the PHN model in noncrescentic glomeruli. While the increase in the first two models was somewhat expected, this is the first report to our knowledge showing increased PEC number in experimental membranous nephropathy.
We next asked what might be the meaning of increased PEC number in experimental glomerular disease. To this end, we performed double immunostaining with PAX8 and synaptopodin to evaluate the possibility that following injury, PECs might coexpress proteins considered PEC and podocyte specific. Indeed, the results showed that cells attached to BBM double stained for both synaptopodin and PAX8 in TGF-␤ transgenic mice, anti-GBM nephritis, and experimental membranous nephropathy. The increase in double-stained cells was significant as no double-stained cells were detected in normal mice.
To validate this further, double staining was then performed with claudin-1 (PEC marker) and WT-1 (podocyte marker). Claudin-1 and WT-1 double staining was not detected in normal animals. In contrast, the results showed a significant increase in the number of cells attached to BBM double-stained positive for claudin-1 and WT-1 in these three experimental glomerular injury models. Double-stained cells were not detected in the ADR-induced model of FSGS. Appropriate controls for the staining techniques confirmed that these results were not false positives. Thus the data showed that cells along BBM have phenotypic features of both PECs and podocytes, defined by costaining for proteins normally expressed by each cell type. Two possibilities might explain these findings in disease. First, based on the location of the cells along BBM, one can speculate that the original cells (PECs) are differentiating toward becoming podocytes, as defined by the coexpression of a podocyte protein in addition to their "native" PEC proteins. A second possibility is that podocytes injured during disease begin to coexpress PEC proteins in addition to podocyte proteins, consistent with the notion that podocytes are differentiating toward becoming PECs. The latter would have to account for podocytes moving from the glomerular tuft to BBM.
One might ask why a glomerular cell would begin to express proteins considered specific to another cell type following injury. Indeed, this has been shown in other kidney cells. For example, mesangial cells express myofibroblast-like proteins (␣-smooth muscle actin), tubular epithelial cells undergo epithelial-mesenchymal transition (EMT), and glomerular epithelial cells can also undergo EMT and start to express muscle-like proteins (1, 3, 10, 11, 16, 17, 28, 29, 39) . The precise functional advantages or disadvantages of these phenotypic changes remain unclear. Another explanation is that cells revert to a more immature phenotype upon injury. Third, cells differentiate from one cell type to another and take on the characteristics and functions of the "new" cell. Stem cells are an example of the latter. Exciting work by Romagnani and colleagues (19a, 28a, 28b, 28c) validate the notion of PECs as a local stem cell. They elegantly describe stem/progenitor cells lining BBM in adult human kidneys. The authors can only speculate that in the studies conducted here, PECs serve to differentiate into podocytes under certain conditions, which remain poorly defined. Studies by Appel et al. (2) support, but do not prove, this notion. Definitive studies are needed.
Finally, the results in the current studies show that cells in the glomerular tuft coexpress both podocyte and PEC proteins in the anti-GBM model, TGF-␤ transgenic mice, and the ADR model of FSGS. One interpretation of these results is that injured podocytes begin to express PEC proteins. Another is that PECs, originally located along BBM, coexpress podocyte proteins and have moved from their original location to the edge of the glomerular tuft. The triggers and programs for these events are not known and need to be studied in more detail.
In summary, the data presented here show that cells in the glomerulus located along the BBM, and to a lesser extent cells on the periphery of the glomerular tuft, begin to coexpress proteins of both PEC and podocyte origin. Consideration should be given to specific glomerular cell differentiation upon injury in experimental disease. The functional consequences of this need to be further delineated. 
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